The electron screening effect in the plasma is calculated for the thermonuclear pp reaction in the. sun, with a particular attention to the effect at the short distance, where the conventional DebyeHuckel approximation fails. It is shown that the correct treatment for the short distance effect modifies the estimate with the Debye-Huckel approximation at most by 3%, which would cause the change in the conventional estimate of the 8B solar neutrino flux by < 8%. This modification is much smaller than the effect argued recently by Kurucz.
In the recent paper Kurucz 1 ) has argued that the electron screening effect enhances significantly the thermonuclear reactions, and hence lowers the temperature at the centre of the sun. He has discussed that this may be an origin for the observed deficit 2 ) of the 8B solar neutrino flux. In this paper we calculate the screening effect in a simple model, with a special care given to the short distance effect, and show that the deviation from the conventional Debye-HUckel approximation is not as large as Kurucz claimed; short distance corrections affect the estimated rate of the ppI reaction pp-->de+)) at most by 3 %, and hence does not modify the 8B solar neutrino flux more than by 8 %.
In the conventional calculation of the solar neutrino flUX,3) the cross section used is corrected for the screening effect basically with the Debye-HUckel approximation for the weak plasma,4) in which the Boltzmann factor exp[ -V/T] (T is the temperature and V is the potential) is expanded to the first order of VITo In evaluating the electron density around two protons, however, we cannot use such an expansion when we are interested in the range shorter than 10-10 cm, beyond which the approximation is not valid (for a calculation for the dense plasma see Ref. 5) ). We instead write the electron density, using the electron wave function 1Jf"E(r) with the energy eigenvalue E, (1) Here the chemical potential f1 is given by the condition for the average density no of electrons, · (2) which yields exp[f1/T]=no(27r/Tm)3/2 with m the electron mass. To proceed our calculation we note that the chemical potential factor is less than unity in the centre of the sun, i.e.,
where pc is the density and Xc the hydrogen mass fraction at the centre of the sun. This justifies the use of the Boltzmann factor in place of the Fermi distribution. We also note that we need to consider only the s-wave for the electron-proton system at a distance shorter than lip (p is electron momentum). We neglect the Coulomb force' between electrons.
It is easy to see that the bound states contribute to n(r) very little. Using the behaviour of the s-wave wave function of a hydrogen-like atom for r-->O,6)
we find the bound state contribution to n( r) to be In this expression the dominant contribution arises from the ground (n=l) state, but it is at most (Zam)3/7r~2x1024cm-3~no/30.
On the other hand, the continuum states yield a substantial contribution. By employing the wave function for the continuum state around r ~ 0,6) (6) we obtain the continuum state contribution to n(r),
where k=p(2Tm)-1/2 and Q=27rZam(2Tm)-1/2/k. We see that n(r)lc--> no is correctly recovered in the limit Z -->.0. An explicit integration gives
for the centre of the sun. In the following we take Z =2 for PP--> de+ lJ, since the two protons involved in the thermonuclear reaction should be placed close to each other and the electrons around them feel the Coulomb field almost the same as that around a Z=2 atom.
We remark that Eqs. (8b) and (8c) may be compared with the estimate with a linear approximation,
which is obtained by keeping only the first two terms of the factor of the integrand,
(In fact this approximation is found to be rather good.)
The above results mean that an enhancement of the electron density around two protons is by a factor of 2 for Z=2. This enhancement remains for the short distance such that r< rc=Ur/2Tm)1/2~ 10-9 cm.
We note that Eqs. 
In order to estimate the Coulomb barrier factor for the thermonuclear reaction, pp. ~ de + )), let us calculate the potential. Since the electric field around the charge Z is given by
with (12) we obtain approximately the electric potential rpz(r) (with the boundary condition rpz(=)=O) due.to N(r),
for r<f:..2rc with
This yields the potential energy erpz(O) with Z=1 for a single proton and 2erpz(0) with Z=2 for two protons closely placed.
The modification of the thermonuclear reaction rate due to the distortion of the· proton wave function by the Coulomb potential V(R) is calculated to a good accuracy by the WKB approximation, (15) where M is the reduced mass (a half of the proton mass) and Rmax is given by the condition V(Rmax)-E=O.
Since Rmax ~ alE is much smaller than rc for E ~ T ~ 1 ke V, we may approximate
This means that !(E) is obtained simply by substituting the energy E of the conventional Coulomb suppression factor !o(E) by E+oE,
The suppression factor that concerns us is obtained by integrating !(E) over the proton energy distribution. The enhancement of thermonuclear reactions due to the electron screening compared to that without it is then given by Progress Letters 
where the self-energy of a single proton is subtracted. The enhanced electron density n( r) should be a monotonically decreasing function of r, and may be approximated by the step function:
n(r)=nl for r< rs and n(r)=no for r>rs .
With the aid of Eq. (13) this leads to ecPz(r)= -3aNz(rs)/2rs, and hence
We examine this expression by varying the cutoff radius rs for the range 1/<P>~0.54 X 10-9 cm< rs<1.2X 10-9 cm.
The lower limit is from the validity of Eqs. (10) and (13), and the upper limit is taken to be a half of the average distance between the nearest atoms in the centre of the sun. Beyond this distance it would be meaningless to consider a two-body potential. A numerical calculation is straightforward, and gives
for the range of (24). This is to be compared with the conventional potential shift at the orgin LlVDH(O) with the Debye-Htickel approximation (VDH(r)=aexp[-r/rD]/r with the Debye length rD~2.9 X 10-9 cm),
The effect on the reaction rate is calculated with Eqs. (18) and (20), and is compared to that with the Debye-Htickel approximation '::DH= .::(oE= -LI VoH(O)), 
we see that the short distance effect modifies BB neutrino flux at most by 8 % from the value calculated with the Debye-Htickelscreening but not more. In our calculation we have neglected the Coulomb interaction among electrons which narrows slightly the region for the enhancement of the electron density around the protons. This effect, however, is safely covered within the above estimation, since a sufficiently large freedom of the range of rs is allowed in (24). We have not taken into account the proton correlation effects, as the repulsive forces among protons do not seem to change the screening largely over the value allowed by the freedom given in (24) [see Ref. 5) , however]. In conclusion we have shown that the electron screening effect on the thermonuclear ppI reation rate in the sun is not much different from that conventionally estimated with the Debye-Htickel approximation; the effect is not as large as speculated by Kurucz.
